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Background: Dysregulation of the Notch pathway has been identified to play an important role in the development and 
progression of colorectal cancer (CRC). In this study, we used a patient-derived CRC explant model to investigate the efficacy of 
the clinical y-secretase inhibitor (GSI) PF-03084014. 

Methods: A total of 16 CRC explants were treated with PF-03084014. Knockdown of RBPjk gene was used to determine the 
specificity of PF-03084014. Evaluation of the Notch and Wnt pathways in CRC explant tumours was performed by gene array and 
immunoblotting. 

Results: We identified a subset of CRC tumours that exhibited elevations of the Notch and Wnt pathways sensitive to 
PF-03084014. Treatment with the GSI resulted in a significant reduction in cleaved Notch, Axin2 (Wnt-dependent gene) and active 
/?-catenin. In addition, knockdown of the RBPjk gene showed that PF-03084014 has specificity for the Notch pathway in an HCT116 
cell line xenograft model. Finally, an increase in apoptosis was observed in CRC001- and CRC021 -sensitive tumours. 

Conclusion: This study provides evidence that inhibition of y-secretase may be beneficial in a subset of patients with elevated 
levels of the Wnt and Notch pathways. 



Colorectal cancer (CRC) is the second most common cancer in the 
United States and the third leading cause of cancer- related death 
(Siegel et al, 2012). Although earlier stages of CRC are highly 
curable, therapies in advanced and metastatic disease overall have 
been ineffective at reducing 5 -year survival rates. Recent drug 
development has focused on targeting developmental pathways 
such as the Notch pathway as a potential therapy for CRC. The 
Notch pathway has a vital role in normal colon homeostasis by 
maintaining stem/progenitor cells and by regulating the differ- 
entiation of goblet cells (Fre et al, 2005; Radtke et al, 2006). 
Although mutations in the Notch receptors have not been 



described in CRC, aberrant activation of the Notch pathway has 
been shown to facilitate the development and progression of CRC 
(van Es et al, 2005; Sikandar et al, 2010; Sonoshita et al, 2011). For 
instance, in an intestinal adenomatous polyposis coli (APC) — I — 
mouse model, components of the Notch pathway were demon- 
strated to be upregulated in the crypts of the intestine; treatment 
with a y-secretase inhibitor (GSI) resulted in the conversion of 
proliferative cells into more differentiated goblet cells resulting in a 
reduction in tumour burden. In addition, the Notch pathway has 
been described to be important in CRC progression. A decrease in 
AES (Grg5) resulted in enhanced Notch activity and tumour 
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invasion that was prevented by inhibition of the Notch pathway 
(Sonoshita et al, 2011). 

The Notch pathway is activated through the interaction of a Notch 
receptor (1, 2, 3, or 4) and ligand (DLL1, DLL3, DLL4, 
JAG-1, and JAG-2) between adjacent cells. This contact results in a 
series of proteolytic events that lead to the cleavage of the notch 
intracellular domain (NICD) by the y-secretase complex and 
subsequent translocation of NICD into the nucleus and the transcrip- 
tion of Notch target genes (Pannuti et al, 2010). In CRC, activation of 
the Notch pathway appears to be oncogenic by regulating many 
signalling pathways involved in enhancing cellular survival and 
angiogenesis. In particular, Notch has been shown to augment cell- 
cycle progression and survival by activating the PI3K/AKT pathway 
(Nair et al, 2003; Sade et al, 2004) and transcriptionally inducing the 
expression of Hes-1, cyclin Dl and c-Myc (Ronchini and Capobianco, 
2001; van Es et al, 2005; Zhang et al, 2012). The Notch pathway has 
also been shown to modulate tumour angiogenesis and is widely 
expressed in endothelial cells (Noguera-Troise et al, 2006). Specifi- 
cally, VEGF from tumour cells induces DLL4 expression on 
endothelial cells and Notch signalling that results in an increase in 
vessel formation (Noguera-Troise et al, 2006). 

Since the Notch pathway appears to be important in the 
development and progression of CRC as well as other cancers, drug 
development of GSIs is currently being evaluated in early phase 
clinical trials. PF-03084014 is a potent and selective inhibitor of 
y-secretase activity and is currently in phase I clinical development. 
Unlike other agents in this class, PF-03084014 has favourable 
properties and daily dosing is feasible (Messersmith et al, 2011). 
In a preclinical model of T-cell acute lymphoblastic leukemia 
(T-ALL), this inhibitor has shown to induce cell growth arrest 
by hindering cell- cycle progression and enhancing apoptosis 
(Wei et al, 2010). In breast cancer cell line xenografts, 
PF-03084014 altered endothelial cell tube formation and had 
anti-tumour and anti-angiogenic activity (Zhang et al, 2012). 
However, the efficacy of PF-03084014 in CRC has not been 
examined. Therefore, we evaluated the effects of PF-03084014 in 
our patient- derived CRC explant model and show that a subset of 
tumours that exhibit increased levels of the Notch and Wnt 
pathways are sensitive to PF-03084014. 



MATERIALS AND METHODS 



CRC explant xenograft model. Patient- derived colorectal adeno- 
carcinoma tumour specimens were obtained from consenting 
patients at the University of Colorado Hospital in accordance with 
protocols approved by the Colorado Multiple Institutional Review 
Board. Four- to six week-old female athymic (nu + /nu + ) mice 
were obtained from Harlan Laboratories (Washington, DC, USA) 
under an approved research protocol by the Institutional Animal 
Care and Use Committee. The tumour pieces were implanted in 
mice and expansion of the F1-F3 generations was carried out as 
previously described (Rubio-Viqueira et al, 2006; Dangles -Marie 
et al, 2007). Tumours were expanded in the left and right flanks of 
5-6 mice (10 evaluable tumours per group). Mice were randomised 
into vehicle or PF-03084014 (GSI) groups when tumour volumes 
reached -200 mm 3 . Mice were treated daily with PF-03084014 
(125mgkg _1 - BID) by oral gavage for 28 days. Mice were 
monitored daily for signs of toxicity, and the tumour size was 
evaluated twice per week by caliper measurements using the 
following formula: tumour volume = (length x width 2 ) x 0.52. 

Cell lines and culture. Human CRC cell lines were obtained from 
the American Type Culture Collection (Manassas, VA, USA). Cells 
were cultured in RPMI supplemented with 10% fetal bovine serum, 
1% non-essential amino acids, and 1% penicillin/streptomycin, and 
were maintained at 37 °C under an atmosphere containing 5% 



C0 2 . The cells were routinely screened for the presence of 
Mycoplasma (MycoAlert; Cambrex Bioscience, Charles City, IA, 
USA) and were exposed to PF-03084014 (5-0.08 fm) when they 
reached ~70% confluence. All cell lines were tested and 
authenticated in the University of Colorado Cancer Center DNA 
Sequencing and Analysis Core. The CRC cell line DNA was tested 
using the Profiler Plus kit (Applied Biosystems, Foster City, CA, 
USA). The data obtained were compared with American Type 
Culture Collection data to ensure the cell lines have not changed. 

Immunoblotting. Tumour tissues (50-75 mg per mouse) were 
minced on ice and homogenised using a Dounce homogenizer 
(Fisher Scientific, Pittsburgh, PA, USA) and centrifuged at 16 000 g 
at 4°C for lOmin. The total protein in samples was determined 
using the Bio-Rad Dc Protein Assay kit, Bio-Rad, Hercules, CA, 
USA. Forty micrograms of sample were electrophoresed on 4-12% 
Bis-Tris precast gels (Life Technologies, Grand Island, NY, USA). 
After electrotransfer onto Immobilon-P membranes (Millipore, 
Billerica, MA, USA), membranes were blocked at room tempera- 
ture with TBS (lOmmoll" 1 Tris-HCl (pH 7.5), 0.5 moll" 1 NaCl, 
and 0.1% (v/v) Tween-20) containing 5% non-fat milk (Bio-Rad) 
for 1 h. Cleaved Notch, active /?-catenin, /?-catenin, Axin2, cleaved 
caspase 3, cleaved PARP, p-p65, BCLxL, and actin primary 
antibodies (Cell Signaling Technologies, Danvers, MA, USA) were 
diluted at 1 : 1000 in TBST containing 5% protease-free bovine 
serum albumin (Sigma- Aldrich, St Louis, MO, USA), and the 
membranes were incubated overnight at 4 °C with rocking. After 
washing three times with TBST, the membranes were incubated for 
1 h at room temperature with anti-mouse IgG horseradish 
peroxidase-conjugated antibody at a final dilution of 1 : 50 000 in 
TBST. After washing three times with TBST, bound antibodies 
were detected by enhanced chemiluminescence (Millipore). 

RBPjk: shRNA knockdown and xenograft. RBPj/c (TF302060) 
shRNA and pRS vector-negative control (scramble) plasmids 
(TR20003) were purchased from OriGene (Rockville, MD, USA). 
Stable clones were generated by transfecting HCT116 cell line in 
six-well plate with 1 fig of each of the shRNA plasmids using 
Fugene 6 (Roche, Nutley, NJ, USA) according to the manufac- 
turer's recommendations. Seventy-two hours after transfection, the 
cells were placed under selection with 2.5/igml -1 puromycin, 
splitting 1 : 5 when the cells reached confluency. Multiple clones 
from the same transfection were pooled and grown under 
puromycin selection. Successful knockdown of specific genes and 
gene products was confirmed by semi-quantitative reverse 
transcription PCR. HCT116 parental, scramble, and RBPj/c 
knockdown were injected into the left and right flanks of 4- to 
6-week-old female athymic (nu + /nu + ) mice (Harlan Labora- 
tories). Mice were randomised into the treatment group (PF- 
03084014) or vehicle group when tumour volumes reached 
-200 mm 3 . Mice were treated daily with PF-03084014 
(125mgkg _1 - BID) or vehicle by oral gavage. Mice were 
monitored daily for signs of toxicity, and the tumour size was 
evaluated twice per week by caliper measurements using the 
following formula: tumour volume = (length x width 2 ) x 0.52. 

RT-PCR. RT-PCR was used to evaluate the knockdown of RBPjk: 
for the shRNA experiments. Total RNA was extracted using the 
RNeasy Mini kit (Qiagen, Valencia, CA, USA). cDNA was 
synthesised using the Applied Biosystems high capacity cDNA 
reverse transcription kit, following the manufacturer's instructions. 
Validated and pre- designed primer/probes for RBPjk and house- 
keeping gene(s) were purchased from Applied Biosystems. Samples 
were amplified using the ABI Step One Plus RT-PCR system 
(Applied Biosystem). Relative expression of the mRNA analysed 
was estimated using the formula: 2~ ACT , where ZlC T = C T 
(mRNA) - C T (Housekeeper). 
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Notch and Wnt pathway analysis by gene array. Total RNA from 
the CRC explants was extracted using RNAeasy kit (Qiagen) and 
profiled by Affymetrix Human Gene 1.0 ST microarray 
(Affymetrix, Santa Clara, CA, USA). Microarray gene expression 
preparation and processing procedure were done as recommended 
by the manufacturer (Affymetrix, Inc.). Raw expression values were 
extracted and normalised by the Affymetrix Power Tools based on 
Robust Multiarray Average (RMA) approach. Multiple probe sets 
representing the same gene were collapsed by the maximum value. 
To analyse the pathway enriched in the sensitive vs resistant 
explants, we used the GSEA (gene set enrichment analysis) 
software version 2.0.6 obtained from the Broad Institute (http:// 
www.broad.mit.edu/gsea) (Subramanian et al, 2005). We used the 
pathways defined by the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) as the gene set in this study (Kanehisa et al, 
2008). Gene set permutations were performed 1000 times for each 
analysis. We used the nominal 

P-value and Normalised Enrichment Score (NES) obtained from 
GSEA to sort the pathways enriched in sensitive explants. 

Statistical analysis. An unpaired Student's t-test was used to 
determine whether the means between control and PF-03084014 
were significant at end of treatment (~28 days) and for 
comparison of differences between control and PF-03084014 in 
cleaved Notch, Axin2, and active /?-catenin. The differences were 
considered as significant when the P-value was <0.05. All error 
bars are represented as the s.e.m. 



RESULTS 



The effects of PF-03084014 on tumour growth in a CRC patient- 
derived explant model. The efficacy of PF-03084014 (a GSI) on 
tumour growth was evaluated on 16 CRC patient-derived 
xenografts. Table 1 shows the type of tumour (colon or rectal), 
stage of disease, previous treatments, and common mutations of 



the CRC explant patients. As shown in Figure 1A, 3 out of 16 CRC 
explants (CRC040, CRC021, and CRC001) showed sensitivity 
(static effects, but no regression) to PF-03084014. A tumour growth 
index (TGI) ^50% was considered as sensitive and TGI > 50% as 
resistant. Figures IB and C are representative graphs of a sensitive 
explant 021 (B) and resistant explant 042 (C). In addition to treating 
CRC explants in vivo, we also evaluated 23 CRC cell lines in vitro. As 
shown in Supplementary Figure 1, PF-03084014 had very little 
activity in vitro. The LSI 23 was the only cell line that showed some 
growth inhibitor effects to y-secretase inhibition; however, the effects 
on proliferation never reached an IC 50 . 

PF-03084014 is a specific inhibitor of the Notch pathway. To 

assess the specificity of PF-03084014 on Notch pathway inhibition 
and tumour growth, we stably transfected the HCT116 cell line 
with shRNA to RBPj/c. RBPj/c is an essential transcription factor 
that binds intracellular cleaved Notch in the nucleus, ultimately 
leading to the transcription of Notch target genes. Before injecting 
in mice, we evaluated the gene expression of RBPjk: in the HCT116 
cell line by RT-PCR. Gene expression of RBPj/c was decreased by 
75% before injection (Figure 2A). In addition, examination of 
RBPj/c in xenograft tumours at the end of treatment showed a 76% 
reduction in RBPj/c in both the RBPj/c knockdown control and 
RBPj/c knockdown treated with GSI (Figure 2B). Furthermore, 
knockdown of RBPjK resulted in a decrease in the notch pathway 
evidenced by a decrease in cleaved Notchl and Hes-1 (Figure 2C). 
We next evaluated treatment effects of PF-03084014 on tumour 
growth in HCT116 scramble negative control and HCT116 RBPj/c 
knockdown cell lines in an in vivo xenograft model. PF-03084014 
treatment significantly decreased the growth of HCT116 scramble 
group (Figure 2D). Of note, a significant reduction in tumour 
growth was also seen in the HCT116 parental cell line (data not 
shown). In contrast, PF-03084014 did not have any additional 
effects on growth of the RBPj/c knockdown group (Figure 2E). 
Furthermore, knockdown of RBPjK in the HCT116 cell line 
resulted in a significant decrease (P<0.05) in growth when 



Table 1. Patient characteristics and mutational status of CRC explants 



CRC 
explant 


Primary 


Stage 


Age at 
consent 


Previous treatment 


KRAS 


NRAS 


PIK3CA 


APC 


CTNNB1 


BRAF 


TP53 


CRC 001 


Colon 


IV 


69 


FOLFOX + bevacizumab 


G12D 


WT 


WT 


Mut 


WT 


WT 


WT 


CRC 006 


Colon 


IV 


42 


Capecitabine+ Radiation, 
FOLFOX + bevacizumab, 
Irinotecan + cetuximab 


G12D 


WT 


WT 


Mut 


WT 


WT 


WT 


CRC 007 


Colon 


II 


47 


None 


G13D 


WT 


WT 


WT 


Mut 


WT 


Mut 


CRC 010 


Rectal 


III 


52 


None 


WT 


WT 


WT 


WT 


WT 


WT 


Mut 


CRC 012 


Rectal 


IV 


56 


Capecitabine+ Oxaliplatin + 
bevacizumab 


G12V 


WT 


WT 


WT 


WT 


WT 


WT 


CRC 020 


Colon 


IV 


43 


FOLFOX + bevacizumab 


WT 


G12S, 
Q61K 


Mut 


Mut 


WT 


WT 


WT 


CRC 021 


Rectal 


II 


72 


None 


G12D 


WT 


WT 


WT 


WT 


WT 


Mut 


CRC 026 


Colon 


IV 


48 


FOLFOX and bevacizumab 


WT 


Q61K 


WT 


Mut 


WT 


WT 


WT 


CRC 027 


Colon 


IV 


56 


None 


G12A 


WT 


WT 


Mut 


WT 


WT 


Mut 


CRC 034 


Colon 


IV 


59 


None 


WT 


WT 


WT 


WT 


WT 


WT 


WT 


CRC 035 


Colon 


IV 


44 


FOLFOX 


G12S 


WT 


WT 


WT 


WT 


WT 


WT 


CRC 036 


Rectal 


IV 


42 


Capecitabine + Radiation, 
FOLFOX + bevacizumab, 
Irinotecan + cetuximab 


G12A 


WT 


WT 


Mut 


WT 


WT 


WT 


CRC 040 


Rectal 


II 


63 


None 


G12V 


WT 


Mut 


Mut 


WT 


WT 


WT 


CRC 042 


Rectal 


II 


73 


FOLFIRI + bevacizumab 


G13D 


WT 


WT 


WT 


Mut 


WT 


Mut 


CRC 052 


Colon 


II 


51 


None 


G12V 


WT 


WT 


Mut 


WT 


WT 


WT 


CRC 065 


Colon 


IV 


66 


FOLFIRI, FOLFOX 


G12V 


WT 


WT 


Mut 


WT 


WT 


WT 
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Figure 1 . PF-0308401 4 effects on tumour growth in CRC explants. (A) Sixteen CRC explants were treated with PF-0308401 4 1 25 mg kg " 1 per day 
BID by oral gavage for 28 days. Tumour size was evaluated twice per week by caliper measurements using the formula: tumour 
volume = (length x width 2 ) x 0.52. Tumour growth index (TGI) was calculated by relative tumour growth of treated mice divided by relative tumour 
growth of control mice x 100. Cases with a TGI of <50% were considered as sensitive, and TGI of >50% were considered as resistant to 
PF-03084014. Three xenografts (CRC001 , CRC021 , and CRC040) were sensitive to PF-03084014 (TGI ^50%) and thirteen xenografts were resistant 
to PF-03084014 (TGI > 50%). Columns, mean (n = 8-1 0 tumours per group); bars, s.e. *, significance (*P<0.05), (***p< 0.001) compared with 
vehicle-treated tumours. (B) A representative figure of a sensitive explant CRC021 and (C) resistant explant CRC042. 



compared with the HCT116 scramble (Figure 2F). As expected, 
there was no difference in tumour growth between the scramble 
control and HCT116 control cell line (data not shown). 

The Notch pathway is upregulated in sensitive tumours and 
PF-03084014 treatment reduces Notch activity. We next compared 
the Notch pathway between the three sensitive (CRC040, 021, and 
001) and three most resistant explants (CRC020, 007, and 034) by 
gene array and KEGG pathway analysis to determine if tumours 
sensitive to PF-03084014 had elevated levels of the Notch pathway. 
As shown in Figure 3A, many components of the Notch pathway 
such as Notch receptors (Notch 1, 3, and 4), the ligand JAG1 and 
co -activators were upregulated in the sensitive explants when 
compared with resistant explants. In addition, as shown in Figure 
3B and C, cleaved Notch 1 levels were significantly elevated in the 
GSI-sensitive tumours. Inhibition of y-secretase with PF-03084014 
reduced levels of cleaved Notch in the sensitive tumours CRC021 
(D) CRC001 and CRC040 (Supplementary Figure 2), whereas no 
difference was seen in the CRC012-resistant explant (Figure 3E). 

PF-03084014-sensitive tumours exhibit elevations of the WNT 
pathway and treatment reduces Wnt signalling. Interactions 
between the Notch and Wnt pathways have been described in CRC 
(Rodilla et al, 2009; Kwon et al, 2011). Therefore, we also examined 
gene expression levels of the Wnt pathway between sensitive and 



resistant tumours. KEGG analysis of the Wnt pathway revealed an 
increase in many components of the canonical Wnt pathways in 
sensitive tumours when compared with resistant tumours 
(Figure 4A). In addition, baseline levels of active /?-catenin were 
significantly elevated in the sensitive tumours CRC001, CRC021, 
and CRC040 when compared with resistant tumours, confirming 
that the Wnt pathway is elevated in sensitive tumours (Figure 4B 
and C). We next were interested in determining whether 
PF-03084014 modulated the activation of the canonical Wnt 
pathway. As shown in Figure 4D, PF-03084014 resulted in a 
significant decrease in both active-/? catenin and Axin2 (a Wnt- 
dependent gene) in the sensitive CRC021 explant. In contrast, no 
treatment effects on active catenin and Axin2 were seen in the 
resistant CRC012 explant (Figure 4E). 

PF-03084014 induces an increase in apoptosis by decreasing the 
phosphorylation of p65 and NF-/cB-dependent transcription of 
BCLxL. We investigated the effects of PF-03084014 on apoptosis 
in the sensitive explants CRC001 and CRC021 by gene array and 
western blot, respectively. As shown in Figure 5A, treatment with 
PF-03084014 increased the gene expression of several different 
apoptotic genes 3 days after treatment with PF-03084014 in 
CRC001. In addition, PF-03084014 treatment induced an increase 
in cleaved caspase 3 and PARP at 2h and 8 days post treatment. 
A decrease in the phosphorylation p65 (a subunit of NF-kB) was 
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Figure 2. Investigation of PF-03084014 as a specific inhibitor of the Notch pathway. (A) Evaluation of RBPj'k; knockdown before injection and 
(B) after treatment of tumours in a xenograft model showed a 75% and 76% knockdown of RBPj'k;, respectively. (C) RBPj'k: knockdown reduced 
cleaved Notchl activity and Hes-1 in xenograft tumours compared with scramble control. PF-03084014 treatment effects on HCT116 scramble 
control (D) and HCT1 16 RBPj'k; knockdown (E) were evaluated in an in vivo xenograft model. Treatment significantly decreased the growth of 
HCT1 16 parental (data not shown) and scramble groups (D). In contrast, PF-03084014 did not have any additional anti-proliferative effects in the 
RBPj'k; knockdown group (E). Knockdown of RBPj'k; significantly decreased growth of the HCT1 16 cell line when compared with HCT1 16 scramble 
control (F). Columns, mean (n = 8-10 tumours per group); bars, s.e. *, significance (*P<0.05). 



observed at 8h, 24 h, and 8 days post PF-03084014 treatment, 
while BCLxL (a NF-kB regulated gene) was significantly decreased 
8 days post treatment. 



DISCUSSION 



In this study, we set out to determine the efficacy of PF-03084014, 
a clinical GSI, in a preclinical patient- derived CRC explant model. 
Herein, we show that inhibition of Notch signalling is effective only 
in a small subset of patient tumours. Of note, the effects of 
PF-03084014 on proliferation on 23 CRC cell lines in vitro were 
minimal, suggesting that the tumour microenvironment (stroma/ 
angiogenesis) in vivo may be essential to see anti-proliferative 
effects. These results are consistent with a study by Zhang et al 
(2012) showing a lack of in vitro activity with this compound in 33 
of 35 breast cancer cell lines. In our CRC explant model, three 
(CRC001, CRC021, and CRC040) out of sixteen tumours (-19%) 
responded to y- seer erase inhibition. We examined whether a 
common mutation seen in CRC was associated with sensitivity to 
GSI; however, no association between mutational status (KRAS, 
PIK3CA, APC, CTNNB1, BRAF, or p53) and sensitivity to PF- 
03084014 was identified. A study by Fischer et al (2011) showed 
anti-tumour effects in a preclinical early passage CRC xenograft 
model using a DLL-4 antibody. In particular, they found a significant 
reduction in tumour growth in four out of six DLL-4-treated 
xenografts. Together, this shows that dysregulation of the Notch 
pathway has a role in tumorigenesis in a subset of CRC tumours. 

RBPj/c is an essential transcription factor involved in the 
activation of the Notch pathway (Nam et al, 2006; Friedmann et al 



2008; Kopan and Ilagan, 2009). Similarly to treatment with a GSI, 
genetic manipulation of RBPj/c also resulted in the conversion of 
proliferative cells into post mitotic cells in an APC — / — mouse 
model (van Es et al, 2005). Since RBPj/c is directly involved in 
Notch-dependent activation, we stably transfected shRNA to 
knockdown RBPj/c in the HCT116 cell line to examine the 
specificity of PF-03084014 on the Notch pathway in a xenograft 
model. We demonstrated that treatment with PF-03084014 had 
similar anti-tumour activity on the HCT116 parental and scramble 
groups when compared with the RBPj/c untreated group. In 
addition, treatment of the HCT116 RBPj/c group did not provide 
any additional anti- tumour effects. These results imply that growth 
of the HCT116 cell line is partially dependent on the Notch pathway 
and PF-03084014 specifically targets the Notch pathway. We cannot 
rule out, however, that inhibition of other y-secretase targets, such as 
CD44, EpCAM, and ADAM 10 (Kopan and Ilagan, 2004; Maetzel 
et al, 2009; Tousseyn et al, 2009) may have contributed to anti- 
tumour activity independent of Notch in the CRC explants. 

Since we identified differences in sensitivity to PF-03084014 in 
our CRC explant model, we investigated whether the Notch 
pathway is upregulated in tumours that responded to treatment 
compared with resistant tumours. Recently, in a breast cancer 
preclinical model, PF-03084014 had significant anti-tumour 
activity (>50% of tumours responded to treatment) in tumours 
that exhibited significant increases in Notch target genes (Zhang 
et al, 2012). Utilising baseline gene array, we profiled the Notch 
pathway by KEGG and observed that sensitive tumours had 
elevated levels of many components of the Notch pathway when 
compared with resistant tumours. In addition, we demonstrated 
that activated cleaved Notchl levels were significantly increased in 
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Figure 3. Notch pathway analysis between sensitive (CRC040, 021, and 001) vs resistant tumours (CRC020, 007, and 034). (A) KEGG pathway 
analysis of the Notch pathway shows an increase in many components of the Notch pathway in sensitive tumours when compared with resistant 
tumours. Red indicates elevated gene expression. (B) Baseline levels of cleaved Notchl are elevated in sensitive tumours compared with resistant 
tumours. (C) Densitometry of cleaved Notchl /Actin ratio showed a significant increase in sensitive tumours compared with resistant tumours 
(P<0.02). (D) PF-03084014 treatment decreased cleaved Notch activity in the sensitive tumour CRC021 (n = 3 mice/tumour per group for control 
and GSI treated). Examination of cleaved Notch by densitometry showed a significant (*P<0.05) decrease with PF-03084014 treatment. (E) No 
treatment effects were observed in the resistant tumour CRC012. 



sensitive tumours, confirming the gene array analysis. We also 
showed that PF-03084014 decreases the Notch pathway in the 
sensitive tumour CRC021 as evidenced by a significant reduction 
in cleaved Notch activity. These results suggest that dysregulation 
of the Notch pathway may be important in driving tumour growth 
in PF-03084014- sensitive tumours. Since, there are many compo- 
nents of the Notch pathway and we used a GSI in this study, it 
remains unknown whether a particular Notch receptor (1, 2, 3, or 
4) or ligand (DLL1, DLL3, DLL4, JAG-1, or JAG-2) or a 
combination of them are culpable in driving tumour growth in 
the sensitive explants. For instance, the Notchl receptor has been 
identified to be associated with poorly differentiated tumours and 
worse survival in CRC (Chu et al, 2010; Zhang et al, 2010). In 
addition, DLL4 has been described to modulate endothelial sprout 
and angiogenesis in CRC (Noguera-Troise et al, 2006). It is likely 
that newer therapeutics targeting the individual receptors and/or 
ligands will provide more insight into the important Notch 
receptors or ligands involved in CRC tumorigenesis. 

The Wnt and Notch pathways have crucial roles in proliferation 
and maintenance of stem cells in the gut (van Es and Clevers, 
2005). Inactivating mutations in APC and activating mutations in 
/?-catenin occur in ~80% and 5%, respectively, of CRC patients 
and have been identified to be key factors involved in the 
development of CRC (van Es and Clevers, 2005). Cross-talk 
between the Notch and Wnt signalling pathways has been 
described in CRC. In particular, binding of the Notch receptor to 
/?-catenin has been shown to inhibit Wnt-dependent activity 
(Kwon et al, 2011). In addition, the Notch ligand JAG-1 is 



transcriptionally activated by /?-catenin and a conditional knockout 
of JAG1 in an APC — / — mouse model resulted in a reduction in 
the development of intestinal tumours (Rodilla et al, 2009). 
Therefore, we first examined baseline differences between 
PF-03084014-sensitive tumours and resistant tumours in the 
Wnt pathway by gene array and KEGG pathway analysis. Similarly 
to the Notch pathway, we show that many components of the 
canonical Wnt pathway were increased in sensitive tumours 
compared with resistant tumours. No association between APC or 
/?-catenin mutational status and sensitivity was observed. Analysis 
of active /?-catenin by western blot confirmed that the Wnt 
pathway was significantly elevated in sensitive tumours. Further- 
more, we demonstrated that PF-03084014 resulted in a significant 
reduction in levels of Axin2 and active /?-catenin in the sensitive 
CRC021 explant. These findings suggest that PF-03084014 inhibits 
the Notch and Wnt pathways in sensitive tumours with elevated 
levels of Notch and Wnt, resulting in a reduction in tumour growth 
in our CRC explant model. However, more studies are needed to 
define the mechanism whereby Notch and Wnt interact. 

Treatment with PF-03084014 reduced tumour growth in the 
sensitive explants by inducing apoptosis. We observed an increase 
in cleaved caspase 3 and PARP as early as 2h post treatment as 
well as a decrease in the phosphorylation of p65, an NF-kB subunit 
that regulates genes that are important for cell survival. Since 
cleaved Notch levels were not decreased at 2h post PF-03084014 
treatment may suggest that off target effects were responsible for 
cleavage of caspase 3 and PARP. However, we demonstrate a 
significant decrease in cleaved Notchl as well as in the 
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Figure 4. Wnt pathway analysis between sensitive vs resistant tumours. (A) KEGG pathway analysis of the Wnt pathway shows an increase in many 
components of the canonical Wnt pathway in sensitive tumours when compared with resistant tumours. Red indicates elevated gene expression. 
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phosphorylation of p65 and the NF-zcB-dependent anti-apoptotic 
protein BCLxL at 8h, 24 h and 8 days post treatment. This 
indicates that an induction of apoptosis by inhibiting the NF-kB 
pathway may be in part responsible for the anti-tumour effects 
observed in the PF-03084014-sensitive tumours. 

In summary, our results provide insight into the role of the 
Notch pathway in CRC. PF-03084014 only had activity against a 
subset of tumours that exhibited elevated levels of the Notch and 
Wnt pathways and treatment reduced the activity of both 
pathways. These findings have potential for the treatment of 
patients with CRC. Patients with elevated levels of Notch and Wnt 
pathway may derive benefit from treatment with the Notch 
inhibitor PF-03084014. A phase I clinical trial of PF-03084014 is 
ongoing and the data readout should inform on patient selection 
and future development of the compound for CRC. Although this 
compound is distinct from others in the class by having linear 
pharmacokinetic (PK) properties and minimal gastrointestinal (GI) 
toxicity, further development will be facilitated by the identifica- 
tion of a robust biomarker. 
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